Rongcheng Swan Lake, a natural coastal wetland, is connected to Rongcheng Bay of Yellow Sea, China. In this lagoon, water quality has deteriorated gradually in recent 30 years and filamentous Chaetomorpha linum have bloomed during the past five years. In present study, the concentration, fractions, and bioavailability of phosphorus (P) in surface sediments were investigated throughout the lake. In order to evaluate P retention ability of the wetland, six sediment samples from different lake regions were collected to study P adsortion kinetics, adsortion capacity and the relation to sediment properties. In Swan Lake, total P concentrations in sediments varied from 79 to 616 mg/kg, which were significantly higher in northwest region than those in southeast region. Sediment grain size and external inputs were the main factors affecting P distribution. Inorganic P concentration was obviously higher than that of organic P, and Ca-P was the important form in the sediments. Fe/Al-P showed a large spatial variation, with relatively high concentrations occurring at the northeastern corner and the western tip strongly affected by the discharge of wastewater. The adsorption isotherms were well fitted by Linear equation at low P conditions and by Langmuir equation at high initial P concentrations, respectively. The sediments in the northern and central lake had higher P adsorption capacity, while in southern lake the degree of P saturation of the sediments was high. Ammonium oxalate extractable Al, organic matter, and fine particle were important factors influencing P adsorption. In Swan Lake, algae available P (AAP) was the largest form of bioavailable P, followed by Olsen-P; moreover, AAP and Olsen-P showed significant correlations with Fe/Al-P. As a whole, TP concentration in sediments from Swan Lake was low, and the sediments at most regions had buffering ability for P in overlying water; while at the western tip of lake where macroalgal blooms frequently breakout, AAP concentration was relatively high and the sediments had higher potential for releasing P into water column.
Introduction
Wetlands, "the kidney of the earth", are well known for the ability to receive and store nutrients from water bodies [1] [2] [3] . The wetland sediments play an important role as a regulator of nutrient fluxes at the sediment-water interface by either adsorbing or releasing nutrients into the water [4] [5] [6] . Phosphorus (P) is a key element of eutrophication processes in many aquatic ecosystems. In coastal wetlands, most of the P from external inputs can be deposited in sediments through adsorption of dissolved P or sedimentation of organic particles before reaching the ocean [7, 8] , but the magnitude of P sorption by the sediments is limited. When external P load is reduced, some P in the sediments can be released into the overlying water again depending on P fractions and environmental conditions [9] [10] [11] [12] . Sediment internal loading may become a source of eutrophication and have a significant impact on water quality for a long period. Therefore, the knowledge of adsorption capacity and P bioavailability of the sediments is essential for the control of water eutrphicaiton. P sorption on the sediments is an important process that affects P transport between the sediments and overlying water. P sorption characteristics mainly depend on sediment composition, such as amorphous Fe and Al [13] , organic matter (OM) [14] , grain size [15] , and carbonate [16] . However, the dominant factor influencing P adsorption was different in various aquatic systems. For example, oxalateextractable Fe (Fe ox ) showed the highest correlations with P sorption index (PSI) in Hawaii's Coastal Wetlands [13] . In the newly formed soils in Yellow Sea Delta, the amorphous and free Fe/Al oxides were the crucial chemical factors ascribed to the soil P retention because of the high specific surface area [17] . Studies by Li et al. [14] showed that the sediments rich in fine particles and OM had stronger P buffering capacities in the Yangtze Estuary and Hangzhou Bay. Wang and Li [16] studied the capacities in adsorption and desorption of P by various sediments from Florida state in USA, and found that the high P adsorption in the marine sediment might be related to an abundance of CaCO 3 which had an especially high affinity for P, and the high P adsorption potential of wetland sediments may result from abundant hydrated oxides of Fe and Al. In addition, P concentration in water column and the degree of P saturation (DPS) of sediments are also of importance to P retention capacity by the sediments. P sorption isotherms can be described quantitatively by linear or nonlinear equations, depending on sediment properties and P concentration magnitudes. When at low initial P concentrations, the adsorption isotherms were fitted by the Linear equation very well [18, 19] . At high P concentrations, Langmuir and Freundlich equations were commonly used for characterizing P adsorption [16, 17, 20] . According to the sorption models, some important parameters such as P sorption maxima, the slope related to adsorption efficiency, and equilibrium P concentration (EPC 0 ) are determined, which can provide useful information regarding the long-term sustainability of sediments in adsorbing additional P.
Sediments serve as an important P reservoir, the release from which first depends on the concentration and fractions of P in sediments [4, 9, 21, 22] . There were great differences in the mobility among various P fractions. Some P forms can be stored in the sediments permanently, while others are immediately available or potentially mobile [11, 12, 23, 24] . P fractions in sediments can provide important information for predicting the release risk to water column. A standards measurements and testing (SMT) fractionation scheme, developed by the European Union laboratories, has been widely used in different types of sediments recently. According to the SMT method, sediment P is divided into P bound to apatite (Ca-P), P associated with Fe, Al, and Mn oxides and hydroxides (Fe/Al-P), organic P (OP) and inorganic P (IP) [25, 26] . Fe/Al-P is potentially mobile, which may be released into overlying water at low dissolved oxygen concentration or high pH conditions [7, 23, 24] . Mayer et al. [11] confirmed the highly significant relationship between Fe/Al-P and sediment P fluxes in Cootes Paradise. OP form is considered to be a potentially mobile P pool, and can be partly converted into algal-available P [9, 12, 23] . In addition, some researchers regarded bioavailable P (BAP) as a predictor for the potential release risk of P in sediments. Zhou et al. [10] proposed that BAP included algae available P (AAP), Olsen-P, readily desorbable P (RDP), and water soluble P (WSP). AAP is potentially available for algal uptake; while WSP and RDP are immediately available P for algae, and easily to release from the sediments particularly when water P concentration is depleted. For the heavily polluted sediments, BAP showed close relationships with IP and Fe/Al-P in Yangtze River [27] . In different aquatic ecosystems, the trophic status and bioavailability of sediment P have marked differences due to external inputs, sediment properties, P forms, and so on.
Rongcheng Swan Lake, a natural lagoon, is located in eastern Shandong Peninsula, China. At present, the quality of lake water becomes worse, and filamentous macroalgae (Chaetomorpha linum) have bloomed during the past few years. The knowledge of P sorption characteristics and P mobility of the sediments is essential to understand P cycle at the sediment-water interface. However, few researches on P internal loading of sediments from Swan Lake have been reported, and little is known about their release risk for water column. In present study, the sediments from different lake regions were selected to study P adsortion characteristics and the relation to sediment composition. In addition, the trophic status of total P (TP), P fractions and bioavaiable P in surface sediments throughout the lake were investigated. The purposes of this study were to dertermine P sorption capacity by the sediments, and to evaluate the bioavailability and release risk of sediment P when external P load is reduced.
Materials and methods

Study site
Swan Lake (37°20 0 N, 122°34 0 E) is a shallow coastal lagoon, which is connected to Rongcheng Bay of the Yellow Sea by an inlet at the southeastern corner. There are a large area of reed swamp in the northern and western lake wetland, and a great number of swans come for over wintering every year. Along the eastern lake shore, a sand dam occurs, which separates the lagoon from Rongcheng Bay. Due to excessive nutrient inputs and inappropriate utilization, such as the discharge of wastewater and the development of beach aquaculture, water quality has deteriorated gradually and C. linum have bloomed in the western area over the past five years.
Sediment sampling
In May 2011, 25 sites were chosen uniformly throughout Swan Lake in order to investigate the concentration, fractions and bioavailability of P (Fig. 1 ). The top 10 cm of sediment sample were collected with a Petersen grab sampler. After being taken to the laboratory, sediment samples were homogenized and then air-dried at room temperature. A portion of the dried samples was used to determine grain size, and the others were ground and sieved through a 100 mm mesh for analysis. Water content of the sediments was determined by drying at 105°C until stable weight. In present study, the lake area was divided into two regions: northwest (NW) (n ¼ 12) and southeast (SE) (n ¼ 13).
Additionally, six sampling sites (S1-S6) in different positions of Swan Lake were selected to investigate P adsorption characteristics of surface sediments ( Fig. 1 ). Site 1 is located in the northwestern lake, around the entrance of some small rivers; site 2 was in the north area, near a shrimp pond; site 3 was adjacent to the western tip, where macroalgal blooms break out in recent few years; site 4 was in the central lake; site 5 located in the tidal delta, nearby the sand dam; site 6 was in southern lake, around Tangjia village. The overlying water was taken at four different seasons with a water sampler, and three samples were collected at each site. The basic properties of the sediments and overlying water are shown in Tab. 1. Dried and sieved surface sediments (passed through a 100 mm mesh) were used in the adsorption experiments.
Sediment characterization
Total concentrations of Fe, Mn, Al, and Ca were measured using ICP-AES (Optima 7000 DV, Perkin-Elmer) followed by the HF-HClO 4 -HNO 4 digestion. Oxalate-extractable Al (Al ox ) and Fe (Fe ox ) were analyzed after the extraction by 0.2 M ammonium oxalate (pH 3) under dark conditions [27] . OM was measured following digestion with K 2 Cr 2 O 7 [28] . Total nitrogen (TN) was determined using Se-CuSO 4 -HNO 3 digestion and distillation method. The grain size, including clay (<2 mm), silt (2-50 mm), and sand (50-2000 mm), was analyzed by the Attenburg cylinders method based on the Stoke's law. The pH value was measured in deionized water by a S20P-K pH meter (Mettler, Switzerland).
The reference materials (GSS3 and GBW07043) were also analyzed to check the analytical quality.
P fractions and bioavailable P
TP and P fraction in sediments were carried out using the SMT protocol. Five P forms were determined, including TP, Fe/Al-P, Ca-P, IP, and OP [22, 25, 26] . Phosphate concentration in the filtrate was measured by molybdenum blue method.
BAP in sediments includes four fractions in this study. AAP, RDP, WSP, and Olsen P were extracted at 25°C with 0.1 M NaOH (4 h), 0.01 M CaCl 2 (1 h), deionized water (2 h), and 0.5 M NaHCO 3 (0.5 h), respectively [10, 27] . Phosphate concentration in the filtrate was analyzed by molybdenum blue method.
P sorption kinetic experiments
Sediment samples of 0.50 g were given into 100 mL centrifuge tubes, and then 50 mL phosphate solution (KH 2 PO 4 , containing 30 mg P/L, in 0.01 M CaCl 2 matrix) were added. The centrifuge tubes were shaken at 250 rpm (at 25°C) for different time intervals, varying within 48 h (0, 5, 15, 30, 45 min, and 1, 2, 3, 5, 7, 10, 12, 15, 18, 24, and 48 h). Phosphate concentration in the filtrate was determined as described above. P adsorption amount by the sediments was calculated according to the difference between the initial and the measured P amount. 
P sorption isotherm experiments
This experiment included two series of initial concentrations of P. The low concentration range (likely to be encountered in natural systems) of 0, 0.02, 0.05, 0.1, 0.15, 0.2, 0.5 mg P/L and the high range of 0, 0.5, 1, 2, 3, 5, 10, 15, 30, and 50 mg P/L were used, respectively. The centrifuge tubes were filled with 0.50 g of sediment samples and 50 mL of solution with various P concentrations, and then shaken at 25°C for 24 h. The experimental conditions and the calculation of P adsorption amount were the same as described in kinetics experiment. Different models were used to describe the relationship between P concentration at equilibrium and P adsorption amount, respectively. At low initial P concentrations, the sorption isotherms were fitted by the linear Eq. (1); while at high concentrations, the sorption isotherms were fitted using Langmuir Eq. (2) and Freundlich Eq. (3) models, respectively.
where C is P concentration after 24 h equilibration (mg/L), Q is P sorption amount (mg/kg), m is the linear adsorption slope, NAP is native adsorbed P by the sediments (mg/kg), Q m is maximum sorption amount (mg/kg), k L is a constant related to the binding energy (L/mg), k F and n are empirical constants.
Eutrophication risk index
PSI was derived from a single-point P sorption isotherm. 20 mL phosphate solution (75 mg P/L) were added to 1 g of sediment samples, and then shaken at 25°C for 18 h. PSI ((mg/100 g)/(mmol/L)) was calculated by the quotient X/log C, where X is P sorption amount (mg/100 g), C is P concentrations at equilibrium (mmol/L). STP (sediment test P) was extracted from 2.5 g of sediment sample with 50 mL 0.5 M NaHCO 3 (pH 8.5) (25°C, 24 h). DPS was calculated with the following equation:
where Q m (mg/kg) is estimated by Langmuir equation. The eutrophication risk index (ERI) induced by P was developed as the percentage of DPS divided by PSI. The data were presented as the means of three replicates.
Statistical analysis
The concentration differences in TP and various P forms in sediments between the NW region and SE region were tested by the independentsample T test (SPSS 17.0). The correlation analyses were performed by Pearson Correlation. The differences in PSI, DPS, and ERI of the sediments among six sites were tested by one-way analysis of variance (ANOVA) followed by Duncan's test post hoc analysis when appropriate.
3 Results
Spatial distribution of TP and various P forms
There were great spatial differences in TP concentrations in sediments from Swan Lake (Fig. 2, Tab. 2). Highest concentrations were observed at the NW corner and central area, followed by those sites at the western tip, and the lowest at the SE corner. Throughout the lake, TP concentrations were significantly higher in NW region than those in SE region (t ¼ 3.45, p < 0.01), whose mean values were 493 and 307 mg/kg, respectively (Fig. 3 ).
Highest OP concentrations were observed at the NW corner and the western tip, followed by those sites in the center (Fig. 2) . While for the Ca-P, higher concentrations were observed in the central area, the lowest at the SE corner. Compared with other P forms, Fe/Al-P had a greater spatial variation (Tab. 2), with highest concentrations occurring at the western tip. Various P forms showed significant concentration differences between the NW region and SE region ( Fig. 3) . At most sites, the rank order of P fractions was Ca-P > OP > Fe/ Al-P, while in the northern region and western tip, OP concentrations were higher than Ca-P.
TP showed significant correlations with various P forms, and the highest correlation was found with IP (Tab. 3), indicating the great contribution of IP to TP in surface sediments from Swan Lake. Ca-P was significantly correlated with IP (p < 0.01). However, Fe/Al-P had relatively weak correlation with other P fractions, especially with Ca-P.
Spatial distribution of bioavailable P
In Swan Lake, the concentrations of four BAP forms all varied greatly among different lake regions (Fig. 4) . Compared with other fractions, AAP showed greater spatial difference, whose concentrations in NW region were significantly higher than those in SE region (t ¼ 3.79, p < 0.01). While for WSP and RDP, the high concentrations were both observed at the SE corner. Different BAP showed the mean concentrations as follows: AAP > Olsen-P > WSP > RDP.
AAP had significant correlations with TP, OP, IP, and Fe/Al-P, but not with Ca-P (Tab. 3). Olsen-P was well correlated with TP, SMT fractions and other BAP (p < 0.01). Significant relationship was observed between RDP and WSP (p < 0.01), but the two forms had no significant correlation with TP and SMT fractions. Compared with other P forms, Fe/Al-P had stronger positive correlations with BAP forms.
The P sorption kinetics on sediments
The similar adsorption processes were observed at the six studied sites (Fig. 5 ). P adsorption amount increased rapidly within the initial 10 h; after that, it changed slightly with time, and reached equilibrium approximately at 24 h. For the six sites, P adsorption amount within 2 h accounted for 50-67% of the total amount at equilibrium, while within 10 h that accounted for approximately 80% of the total. Adsorption rates at different sites all declined gradually with time, the maximum occurring at the initial 0-0.25 h (Tab. 4). This indicates that a fast adsorption process mainly occurred within 2 h, and after 10 h P sorption reached to a slow reaction stage.
The P adsorption isotherms on sediments
At lower initial P condition (<0.02 mg/L), sorption amount was very low, and negative adsorption occurred at S1 and S5 (Fig. 6A ). While at high concentrations, the sorption amount increased rapidly when P concentration at equilibrium was <10 mg/L, and then increased slowly until to a stable sorption state (Fig. 6B) . Similar trends were observed at the studied sites except for S1. However, the sorption ratio decreased as the increase of added P concentration. When 0.05 mg/L of P solutions were added to sediment samples, >80% of the added P was adsorbed (except at S5), while at the initial P concentration of 50 mg/L the mean sorption ratio decreased to 9%. The results suggest that long-term external P inputs into the wetland may result in the decrease of P retention capacity of the sediments. The sorption isotherms at low P concentrations were well fitted by the linear equation (Tab. 5). At the NW corner (S1) and SE corner (S5), the EPC 0 of the sediments were higher than soluble reactive P (SRP) concentration in overlying water (Tab. 1), indicating sediment P in these regions had higher release risk [17, 18] . At high P concentrations, R 2 value for the Langmuir equation was higher, indicating that Langmuir equation can effectively describe P sorption isotherms in Swan Lake. The Q m of the sediments estimated by Langmuir equation followed the order: S1 > S3 > S2, S4 > S5 > S6. This indicates that the sediments along the NW shore (S1 and S3) had relatively high sorption capacity for P, while at SE corner (S5 and S6) the sediments had low buffering ability.
The eutrophication risk of lake sediments
In Swan Lake, PSI of the sediments was significantly high at S1, relatively low at S5 and S6 (Tab. 6). PSI showed significant correlations with OM, Al ox and clay concentration of the sediments, respectively (p < 0.01). In addition, PSI was well related with the Q m , and the linear equation was as follows: suggesting that PSI can effectively reflect P adsorption ability of the sediments from Swan Lake. Sediments with high DPS values were suggested to have a high susceptibility to P release [20] . The DPS was significantly low at S1, while the highest at S5 with low Fe ox and Al ox concentration (Tab. 6). ERI varied greatly among different sites, which followed the order: S5 > S6 > S3 > S2 > S4 > S1. ERI value at S5 was 20 times higher compared to S1. In general, the sediments in northern lake had higher P sorption capacity, while in southern lake that had higher release risk. Figure 5 . Adsorption kinetic process of P on the sediments from six sampling sites.
Discussions
Quantity and distribution of TP and P fractions in sediments from Swan Lake
In Swan Lake, TP concentrations in surface sediments were not high, ranging at 79-616 mg/kg, which were similar to the margin sediments in Yellow Sea [29] , but lower than other estuarine and coastal sediments of China, such as the wetland of Yellow River Delta [17, 30] , and the estuarine sediments of Daliao River [31] . The spatial distribution of sediment P is mainly related to anthropogenic inputs, sediment texture, hydrodynamic conditions, and the distribution of aquatic organisms [15, [32] [33] [34] . In Swan Lake, highest TP concentrations were observed at the NW corner and central area, the lowest at SE corner. Along the NW shore, some rivers are distributed, through which large amounts of domestic sewage from Chengshan Town comes into the lake, therefore long-time external inputs resulted in high P accumulation in the nearby sediments. While in the central area, there were abundant submerged macrophytes, and particle size was finer (clay range: 20-37%). The lowest concentrations at SE corner, close to the inlet where the lagoon was connected to Yellow Sea, may be attributed to coarser grain size in sediments (sand range: 58-93%). P fractions in sediments depend on the origin of sediments, biological activity, geochemical compositions, and so on [22, 32, 35] . In Swan Lake, IP concentration was higher than that of OP, and Ca-P was the important fractions in the IP. This was in disagreement with the results in Lake Dianchi and Lake Taihu in Southern China [12, 35] , where Fe/Al-P was the dominant P fractions. The high concentration of Ca-P in the studied region might be interpreted in following reasons: in Swan Lake catchments, the soil type was coastal saline soil, whose Ca-P concentration was higher than Fe/Al-P. Due to the connection with the Yellow Sea, Ca-P is likely from marine origin [21, 31] . In addition, large amounts of shellfish live in southern lake, where apatite can be formed at the surface of shell fragments (Tab. 7) [23, 34] . Fe/Al-P had a large spatial variation, with higher concentrations at NW corner and the western tip where external pollution from the discharge of wastewater is serious. Some researchers reported that Fe/Al-P concentration in sediments was closely related to the pollution degree [12, 27] , which was also confirmed in this study.
In Swan Lake, TP and P fractions showed significant positive correlations with clay and silt fractions, respectively (Tab. 7), suggesting that grain size was an important factor influencing the spatial distribution [21, 34] . In addition, TP was significantly correlated to total Fe and Mn (p < 0.01), and Fe/Al-P was positively correlated to Fe, Mn (p < 0.01), and Al (p < 0.05). However, Ca had no significant correlation with any of P fractions, which also indicates that Ca-P was mainly likely from authigenic marine origin [23, 31] . As a whole, sediment grain size and external inputs were the main factors affecting the distribution of P in surface sediments from Swan Lake.
P adsorption characteristics of the sediments from Swan Lake
P sorption capacity of sediments has close relationship with sediment properties, which varies greatly in different types of coastal sediments, such as the sandy, clay and organic rich sediments [13, 16, 36] . In Swan Lake, the Q m of the sediments ranged at 294-1111 mg/kg, which was similar to the Yellow River Delta [17] , much higher than the Yangtze Estuary and Hangzhou Bay in China [14] , and the estuary in the State of Florida in USA [16] , but significantly lower than two coastal areas (Minorca and Majorca) in the Balearic Islands [36] .
In different aquatic systems, the sediments have different P sorption characteristics due to the difference in sediment properties [13, 17, 36, 37] . In Swan Lake, P adsorption capacity varied greatly among different lake regions, and the high sorption capacity was observed in the northern and central sediments. Correlation analysis showed that the Q m had close relationship with Al ox , OM, TN, silt, OP, and Fe/Al-P (in the order of correlation coefficient) (Tab. 8). k L , a constant reflecting the binding energy, was significantly correlated with OM, clay, TN, silt, and Al ox . In addition, the average adsorption rate within 48 h also showed strong correlation with OM and Al ox . This indicates that Al ox , OM and fine particles were the important factors influencing P adsorption in coastal sediments from Swan Lake. For the whole lake, OM concentrations were much higher in the northern and central lake than those in southern lake. On the other hand, fine fraction concentrations were relatively high in northern and central sediments, while in southern lake sand was the dominant fraction. All that would lead to higher P adsorption capacity for the sediments in the northern and central lake.
4.3
The potential release risk of sediment P in Swan Lake P fractions in sediments can be used to evaluate P bioavailability and release risk for the overlying water at a certain degree [9, 10, 12] . In Swan Lake, different bioavailable P followed the order: AAP > Olsen-P > WSP > RDP, which was in agreement with the results in other water bodies in China [10, 27] . Higher concentrations of WSP, RDP, and Olsen-P were found at the western tip, the SE corner and central area, suggesting that the sediments at these areas had higher P availability for algal growth at present. OP and Fe/Al-P were also usually considered to be mobile and potential bioavailable [9, 12, 23] . In the present study, Fe/Al-P, OP, and AAP showed significant correlations with each other, thus similar trends were observed according to the BAP and SMT fractions. As a whole, the sediments at 
Concluding remarks
Similar to other lagoons, Ca-P, mainly likely from marine origin, was the important fractions in the sediments from Swan Lake. Fe/Al-P was closely related to the external pollution from inflow rivers, and showed significant correlation with bioavailable P (AAP and Olsen-P). This indicates that Fe/Al-P may be used as a reliable indicator for reflecting external P load as well as predicting bioavailable P level in coastal sediments. In Swan Lake Wetland, Al ox was dominant factor influencing P retention capacity. These findings would be helpful to further understand P cycle at the sediment-water interface in the lagoon. Compared with other coastal wetlands, TP level in surface sediments were not high in Swan Lake Wetland. However, high potentially mobile P pool was observed at the NW corner and western tip of the lake as a consequence of external nutrients inputs and high sorption capacity by the sediments. At the western tip of Swan Lake, sediment P had high bioavailability and high release risk, moreover large scale of C. linum are blooming at present. Sediment P in this area may be easily released into the water column as the environmental condition changes resulting from the growth or decomposition of massive macroalgae, which in turn contributes to the formation of algal bloom. Therefore, sediment internal loading must be taken into consideration in water eutrphicaiton control and future restoration projects in coastal wetlands. 
